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We report two reversible pressure-induced isosymmetric phase transitions in α-Ag2S that are accompanied by
two compressive anomalies at 7.5 and 16 GPa, respectively. The first transition arises from a sudden and drastic
puckering of the wrinkled Ag-S layers, which leads to an anomalous structural softening at high pressure and
gives rise to the ultrahigh compressive ductility in α-Ag2S. The second transition stems from a pressure-driven
electronic state crossover from a conventional semiconductor to a topological metal. The band-crossing points
near the Fermi energy form a nodal-line structure due to the preservation of the time-reversal and space-inversion
symmetries under pressure. Our findings not only reveal the underlying mechanism responsible for the ultrahigh
ductility in this class of inorganic semiconductors, but also provide a distinctive member to the growing family
of topological metals and semimetals.

DOI: 10.1103/PhysRevB.102.140101

Ductility is one of the hallmark properties of metals arising
from the itinerant nature of metallic bonds. In striking contrast
to ductile metals that can sustain high plastic strains typically
in the range of 5%–100% [1–3], inorganic semiconductors
are often brittle as manifested by small deformation strains of
0.1%–0.2% [4,5]. It is therefore rather unexpected that metal-
like ductility is observed in α-Ag2S [6], one of the widely used
inorganic semiconductors in a variety of resistance switches
[7,8], memory devices [9,10], photocatalysts [11,12], photo-
chemical cells [13,14], and infrared detectors [15,16]. The
fracture strains under tension and compression are more than
4% and 50% [6], respectively, marking it as the first known
ductile inorganic semiconductor at room temperature. A pos-
sible explanation for the observed high ductility was recently
proposed, resulting from its structural and chemical bonding
features [6,17]. However, it is still puzzling why the plastic
strain is so much greater under compression than that under
tension, and it is likely that an unidentified mechanism is
responsible for such ultrahigh compressive ductility.

In fact, Ag2S belongs to a large family of silver chaloco-
genides Ag2M (M = S, Se, and Te) that were actively
investigated for novel topological properties. For example,
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β-Ag2Te was identified as a topological insulator with gap-
less Dirac-type surface states [18]. The orthorhombic Cmce −
Ag2S was predicted to be a topological nodal-line semimetal
with a single glide symmetry-protected nodal loop [19]. Un-
fortunately, this phase is yet to be synthesized and the stable
α-Ag2S is just a conventional semiconductor at ambient pres-
sure. Previous works reported that pressure can tune the lattice
and electronic structures of different Ag2S phases away from
the pristine states [20,21], and thus it is worth studying
whether α-Ag2S can transform into a topological state at pres-
sures. However, the crystal structures of those high-pressure
(HP) phases are still under debate because of the difficulties
in structural solutions based on HP diffraction data, calling for
more accurate experiments toward this issue.

In this Rapid Communication, we present a comprehen-
sive and multifaceted investigation of the HP behaviors of
α-Ag2S. Our combined experimental and theoretical study
reveals that α-Ag2S undergoes two reversible isosymmetric
phase transitions under HP. The first transition results from a
sudden and drastic puckering of the zigzagging Ag-S layers,
which produces an anomalous structural softening at HP and
induces the ultrahigh ductility in α-Ag2S. At higher pres-
sure, we identify a second transition of completely different
origin, which stems from an electronic state crossover from
a conventional semiconductor to a topological metal. We
report that pressure-induced isosymmetric phase transitions
may be correlated with seemingly unrelated properties such as
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FIG. 1. (a) Refined high-pressure XRD patterns for three phases (i.e., I, II, and III) of α-Ag2S collected at different pressures. The inset
of each panel is the crystal structure of the corresponding phase. (b) Refined lattice parameters a, b, c, and β of α-Ag2S vs pressure. (b)
Pressure-volume data of α-Ag2S fitted to the second Birch-Murnaghan equation of states. The inset is the normalized pressure (F) vs Eulerian
strain ( f ).

ultrahigh ductility and topological nodal-line structures in a
single semiconductor.

We performed in situ HP synchrotron x-ray diffraction
(XRD) measurements for α-Ag2S to examine its struc-
tural evolution under pressures. Experimental details are
described in the Supplemental Material (SM) [22] (see also
Refs. [23–25] therein). At ambient condition, it adopts a
monoclinic P21/c structure with refined lattice parameters
a0 = 4.228 Å, b0 = 6.929 Å, c0 = 9.534 Å, and β = 125.57◦
(denoted by phase I), in excellent agreement with previous
reports [26,27]. As the pressure increases gradually, the phase
I transforms into two HP phases (denoted by phase II and III)
around 7.5 and 16.0 GPa, respectively (also see Fig. S1 in SM
[22]). We attempt to index these XRD patterns using different
space groups (e.g., P21/c, P212121, and Pnma) [20,21], but
the best refinements for all these phases are achieved using the
same P21/c symmetry, suggesting two isosymmetric phase
transitions.

The refined lattice parameters (i.e., a, b, c, and β) and
cell volume (V) of α-Ag2S at pressures are presented in
Figs. 1(b) and 1(c), respectively. Three distinct compressive

regimes are separated by two lattice anomalies at 7.5 and
16 GPa, respectively. At 7.5 GPa, the anomaly corresponds
to a first-order I→II phase transition as suggested by the
discontinuous jumps in the lattice parameters. At 16 GPa, the
II→III phase transition is of second-order nature with no in-
dication of discontinuity in the lattice parameters. Upon close
inspection, the V, b, and β display a slight but convincing
change in their slopes below and above 16 GPa. Moreover,
fitting the volume-pressure data to the second-order Birch-
Murnaghan equation of states gives distinct bulk moduli of
47(2), 70(6), and 124(9) GPa for the I, II, and III phases,
respectively, further confirming the two phase transitions. In-
terestingly, these structural transitions are reversible and the
high-pressure phases cannot exist at ambient pressure (see
Fig. S1 in SM [22]). We would like to mention that these
transitions in α-Ag2S are also evidenced by our high-pressure
Raman measurements (see Figs. S2–S4 in SM [22]).

To verify these experimental findings, we performed de-
tailed density functional theory (DFT) calculations to explore
the structural response of α-Ag2S under pressure. Computa-
tional details are described in the Supplemental Material [22]
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(see also Refs. [28–33] therein). As shown in Fig. 2(a), our
optimized lattice parameters of α-Ag2S well reproduce the
two experimentally identified anomalies at pressures. A more
careful analysis of the symmetry indicates that the relaxed
α-Ag2S structures retain the P21/c space group across the
whole pressure range. Moreover, the relaxed atomic positions
also agree with the values obtained from the XRD data (see
Table S1 and Fig. S5 in SM [22]). Therefore, our theoret-
ical results completely support the experimentally observed
isosymmetric phase transitions.

Applying HP to α-Ag2S brings about large atomic dis-
placements and volume contractions. However, it is rather
surprising that such enormous structural changes are re-
versible upon decompression. This naturally raises two
fundamental questions: (i) Are the phase transitions related
to the ultrahigh compressive ductility? (ii) Can the phase
transitions lead to novel electronic properties or even the much
sought after topological states? Answering both questions re-
quires an in-depth understanding of the pressure-dependent
mechanical and electronic properties of the system.

We first investigate the mechanical properties of α-Ag2S
at ambient pressure. Its calculated bulk modulus (96 GPa)
is comparable with that of well-known semiconductors such
as Si (66 GPa) [34]. However, its shear modulus (26 GPa)
is much lower than that of Si (98 GPa), but is very close to
that of soft metals such as Ag (29 GPa), Au (49 GPa), and

Cu (27 GPa) [34]. The shear stiffness alone cannot provide a
full picture of the highly unusual mechanical properties of this
system. The classic Pugh’s modulus ratio k (i.e., the ratio of
bulk modulus to shear modulus) has been applied extensively
to measure the brittle or ductile behavior of materials [35].
Usually, a high (low) k suggests that a material is ductile
(brittle) and the widely used critical value is k = 1.75, a value
that separates typical metals from semiconductors. Figure 2(b)
compares the k value of α-Ag2S with those of various metals
and semiconductors [34]. The k of α-Ag2S at ambient pres-
sure is predicted to be 4.14, which is much larger than those
of other semiconductors, but falls well in the typical range
of metals. This supports the recent experimental observation
that α-Ag2S exhibits extraordinary metal-like ductility [6].
Therefore, even at ambient pressure, α-Ag2S already displays
highly unusual mechanical properties.

We further evaluate the effect of pressure on the mechan-
ical properties of α-Ag2S. Calculated bulk and shear moduli
at pressures are displayed in Fig. 2(c). As expected, the bulk
modulus increases continuously with rising pressures. Small
but noticeable variations in the slope of the curve can be
observed across the phase transitions. Intriguingly, the shear
modulus exhibits an unexpected reduction from 31 to 25 GPa
across the I→II phase transition. Because of the strong
correlation between shear modulus and hardness [36], the
hardness of α-Ag2S also exhibits an anomalously large dip
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FIG. 3. (a) Calculated bulk modulus (black) and shear modulus (red) of Cu2S as a function of pressure. (b) Calculated Pugh’s modulus
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function of pressure. (b) Calculated Pugh’s modulus ratio (blue) and hardness (green) of Au2S as a function of pressure.

around the transition pressure of 7.5 GPa, as shown in
Fig. 2(d). Such an anomalous reduction in shear stiffness and
hardness ultimately yields the ultrahigh compressive ductility
of α-Ag2S. This is also supported by our calculated k curve
that corresponds to an abrupt increase across the I→II transi-
tion in Fig. 2(d). Therefore, we conclude that the I→II phase
transition, which triggers the unusual structural softening, in
particular the softening of shear stiffness, is responsible for
the ultrahigh compressive ductility of α-Ag2S.

Since Cu and Au are isovalent with Ag, Cu2S, and Au2S
are expected to exhibit a similar high ductility. In Fig. 2(b),
the k values of Cu2S and Au2S at ambient pressure are
evaluated to be 2.36 and 3.72, respectively, confirming that
both possess a metal-like ductility. Recent experiments in-
dicate that Cu2S undergoes two phase transitions at 3.1
and 7.1 GPa, respectively [37], and we thus predict its
HP mechanical properties. As illustrated in Fig. 3(a), the
bulk modulus increases continuously from 130 to 190 GPa
with pressure rising from 0 to 10 GPa, but the shear
modulus shows two softening anomalies across the phase
transitions. Such softening in the shear modulus leads to a
drastic reduction in the hardness and a sharp rise in the Pugh’s
modulus ratio, as shown in Fig. 3(b). That is to say, the abrupt
softening in shear stiffness and hardness creates the ultrahigh
compressive ductility of Cu2S. Unlike Cu2S, the experiment
shows the absence of a phase transition in Au2S [38], but it
also displays different HP mechanical behaviors. In Fig. 3(c),
its bulk modulus increases with rising pressure whereas its
shear modulus exhibits an unexpected reduction. This natu-
rally induces an unusual softening in its hardness and thus
the ultrahigh ductility under pressures, as shown in Fig. 3(d).
In addition, our calculations of elastic constants indicate that
Au2S becomes mechanically unstable above 3 GPa. This well

explains the experimental observation that Au2S undergoes a
pressure-induced amorphization [38].

Although we have established that the I → II phase tran-
sition is closely related to the ultrahigh ductility of α-Ag2S
through a lattice softening mechanism, a microscopic un-
derstanding remains elusive, which we address now. As
illustrated by insets in Fig. 1(a), α-Ag2S can be viewed as
a wrinkled layered structure. Two Ag1, two Ag2, and four S
atoms constitute the eight-atomic ring fragment. These frag-
ments are linked by Ag-S bonds to form zigzag-shaped layers
stacked along the a axis. Obviously, these wrinkled layers can
fold easily along the b axis under pressure. As confirmed by
our experiment and theory, the b axis is more compressible
than the a and c axis. At 7.5 GPa, the wrinkled layers pucker
abruptly without changing the underlying symmetry of the
structure. As a result, the b axis collapses and becomes signif-
icantly more compressible. The collapse of the b axis results
in a sudden release of stress, which in turn leads to the length-
ening and stiffening of the a and c axis. Therefore, the first
transition arises from the sudden puckering of the wrinkled
Ag-S layers at 7.5 GPa and is solely structural in nature.

With the above results at hand, the anomalous softening
and ultrahigh ductility of α-Ag2S can be fully understood. At
low pressures, the Ag-S wrinkled layers form weak gliding
systems with a low barrier against interlayer slippage; thus, it
has low shear stiffness. As the pressure is increased, the bulk
modulus normally increases monotonically. The shear mod-
ulus, however, depends sensitively on the interlayer binding,
which is more susceptible to subtle changes to the bonding.
The transition at 7.5 GPa increases the interlayer distances and
significantly weakens their interaction. This allows the layers
to glide more easily, resulting in a sudden decrease in the shear
stiffness, and therefore the anomalous structural softening

140101-4



ISOSYMMETRIC PHASE TRANSITIONS, ULTRAHIGH … PHYSICAL REVIEW B 102, 140101(R) (2020)

Z Γ Y-1.0

-0.5

0.0

0.5

1.0
En

er
gy

 (e
V

)

Z Γ Y Z Γ Y

Γ1
-

Γ1
+

(a) (b) (c)

-0.5
0.5

0.0

 k
z  (

2
)

0.3

0.5

 k
y   (2 )

0.0
 kx

  (2 )0.0
-0.5 -0.3

(d)

0 10 20 30
Pressure (GPa)

1.6

2.4

3.2

4.0

Lo
gR

 (o
hm

)

(e)

FIG. 4. Band structures of α-Ag2S at the pressures of (a) 0 GPa, (b) 10 GPa, and (c) 20 GPa. The Fermi levels are set at 0 eV and
shown as horizontal dashed lines. It can be clearly seen that, as the pressure increases, the band gap decreases gradually and then forms an
energy-inverted band structure. Two inverted bands, labeled as �−

1 and �+
1 , form a band-crossing point near the Fermi energy. The zoomed

inset in (c) indicates the two bands do not cross. (d) The nodal points in the three-dimensional Brillouin and its projection on the kx = 0,
ky = 0, and kz = 0 planes for α-Ag2S at a pressure of 20 GPa. (e) Measured electrical resistance of α-Ag2S as a function of pressure. The
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and ultrahigh compressive ductility. The II→III transition at
16 GPa, however, does not cause significant changes in the
mechanical properties of α-Ag2S. Moreover, the kink at 16
GPa is relatively small [see Fig. 2(a)]. Therefore, the second
phase transition likely originates from changes in the elec-
tronic structures.

We turn our attention to the effect of pressure on the
electronic properties of α-Ag2S. Figure 4(a) displays its band
structure at zero pressure (also see Figs. S6 and S7 in SM
[22]), which shows a direct band gap of 0.6 eV at the �

point. This value is in agreement with available first-principles
results [39–42] but smaller than the experimental data
(1.03 ± 0.1 eV) [6]. This is expected since the DFT calcula-
tions typically underestimate the band gap of semiconductors.
We then examine the evolution of the band structure of
α-Ag2S under pressure, which may offer insight into the
second phase transition under compression. Figures 4(b) and
4(c) show the band structures of α-Ag2S calculated at 10
and 20 GPa, respectively. With increasing pressure, the band

structure broadens and the gap decreases gradually. The gap
closes at about 14 GPa and the system becomes a metal with
an inverted band structure around the � point.

We use the band structure calculated at 20 GPa to illus-
trate the pressure-induced band inversion in α-Ag2S. The two
energy-inverted bands, characterized by �−

1 and �+
1 symmetry

at the � point near the Fermi level, are shown in Fig. 4(c),
where the superscripts indicate the opposite parity of the two
bands. As the compressed crystal preserves the time-reversal
and space-inversion symmetries, the energy-inverted bands
with opposite parities form continuous band-crossing points
(i.e., nodal lines) in the three-dimensional Brillouin zone
[43–45]. Here, we adopt the Wannier-function method [46]
to construct a tight-binding model, which is used to search
the band-crossing points and to reveal the shape of the nodal
lines in α-Ag2S. Figure 4(d) plots the so-obtained nodal lines
for the �−

1 and �+
1 bands, which are mainly composed of

three closed loops and four separated small rings. The band
inversion and the node lines indicate that the topologically
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nontrivial surface states can exist on the surface of α-Ag2S.
The details of the nodal lines and surface states are described
in the Supplemental Material [22] (see also Ref. [47] therein).
It is this electronic state crossover from a conventional semi-
conductor to a topological metal that is responsible for the
second phase transition of α-Ag2S.

To better probe the electronic response to pressure, we
measured the in situ electrical resistance of α-Ag2S up to
32 GPa. The electrical resistance as a function of pressure is
shown in Fig. 4(e). As the pressure increases, the electrical re-
sistance decreases. At 7.5 GPa, a discontinuous change in the
slope of electrical resistance is observed, which corresponds
to the first phase transition. At about 19 GPa, the electrical
resistance falls sharply, suggesting that metallization occurs.

In summary, two reversible pressure-induced isosymmetric
phase transitions have been identified at 7.5 and 16 GPa, re-
spectively. The first transition arises from an abrupt puckering
of the Ag-S layers, which induces an unexpected structural
softening and is ultimately responsible for the ultrahigh duc-
tility. The second transition is a manifestation of an electronic
state crossover from a conventional semiconductor to a topo-
logical metal. In contrast to other semiconductors that are
typically brittle, α-Ag2S exhibits coexisting properties of ul-
trahigh ductility and sizable semiconducting gap, providing

a promising material for applications in the next-generation
flexible and stretchable devices.
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